In this work, the capacitance-voltage ͑C-V͒ characteristics of Cu/2,2Ј-bis-͑3,4-dicarboxyphenyl͒ hexafluoropropane dianhydride ͑6FDA͒-p-phenylene diamine ͑PPD͒/Si metal-insulator-semiconductor ͑MIS͒ capacitors after different annealing processes are investigated. During annealing ͑in N 2 + H 2 ambient and in vacuum͒, positive charges are generated in the capacitors and it leads to a shift of flatband voltage ͑V FB ͒ toward the negative-bias direction. However, the V FB of the annealed samples moves backward ͑the positive bias direction͒ after aging at room temperature in air for 1 week. In addition, stretch-out of C-V curves is observed after the annealing process. Nevertheless, the stretch-out behavior is released after aging in air for 1 week. Influence of annealing condition and time aging effect on C-V characteristics of Cu/6FDA-PPD/Si capacitors are discussed. Polymers, with their flexible and insulating nature, are considered as potential materials to be used in the next-generation microelectronics of miniature and flexible devices.
Polymers, with their flexible and insulating nature, are considered as potential materials to be used in the next-generation microelectronics of miniature and flexible devices.
1,2 Among them, fluorine-contained polyimide have been widely investigated because of their good electrical properties, excellent thermal stability ͑Ͼ500°C͒, superior resistance to chemicals, high transparency in visible light region, and good mechanical properties. 3, 4 Most commonly, applications of poyimides are for optoelectronic devices, 5 thin-film transistors ͑TFTs͒, 6 and integrated circuits ͑ICs͒.
7
Investigations of polyimides have been reported in many previous researches; however, most of them were focused on the thermal and mechanical properties of the bulk polyimides. [8] [9] [10] Research on the electrical properties of polyimides is deficient. Minor changes in polymers after annealing under the glass transition temperature is often neglected. Nevertheless, very small changes in atomic arrangement within the polymers may affect its electrical property and thus impact the device properties. Because the introduction of polymer materials into electronic devices is inevitable, the details of the electrical properties of polymers after various annealing processes should be clarified.
In this study, 2,2Ј-bis-͑3,4-dicarboxyphenyl͒ hexafluoropropane dianhydride ͑6FDA͒-p-phenylene diamine ͑PPD͒ fluorine-contained polyimide was synthesized and annealed in the various annealing processes, and applied as the dielectric layer in the metal-insulatorsemiconductor ͑MIS͒ structure. Through the capacitance-voltage ͑C-V͒ measurement, variations of C-V characteristics after different heat treatments and time aging processes are investigated. The correlation between the electrical behavior and the reactions within the Cu/6FDA-PPD/Si capacitor is also discussed.
6FDA, PPD, and anhydrous N-methylpyrrolidine ͑NMP͒ were obtained from the commercial source without further purification. The synthesis reaction of the viscous poly͑amic acid͒ precursor was carried out by mixing 6FDA and PPD monomers with a ratio of 1:1 in an appropriate amount of NMP in N 2 atmosphere at room temperature. The precursor was spun onto an RCA-cleaned p-type silicon wafer and converted to 6FDA-PPD polyimide by heating to 300°C in air for 1 h. All polyimide films were 240 nm thick. The cured polyimide/Si samples were stored in air before any further process. The annealing process was carried out in a quartz tube furnace at various temperatures in N 2 + H 2 ambient ͑N 2 /H 2 = 9:1͒ for 30 min. The vacuum annealing process was carried out at a pressure lower than 3 ϫ 10 −5 Torr for 30 min. After annealing, 500 nm thick copper dot electrodes were deposited onto the sample by electron-beam evaporation through a shadow mask to fabricate the MIS structure for electrical measurement. The area of the copper electrode is 4 ϫ 10 −4 cm 2 . The dielectric constant of these samples was extracted from the capacitance-voltage C-V measurement using a computer-controlled HP4284 LCR meter at a frequency of 100 kHz. Figure 1 shows the C-V characteristics of Cu/6FDA-PPD/Si capacitors with the polyimides after annealing in the N 2 + H 2 ambient at various temperatures. Flatband voltage ͑V FB ͒ and dielectric constants of the samples after annealing at various temperatures are calculated from the measured C-V curves and are listed in Table I . From Fig. 1 and Table I , one can see that C-V curves of the MIS samples shift toward the negative-bias direction after N 2 + H 2 ambient annealing.
Flatband voltage is determined by the metal-semiconductor work function difference and the quantity of effective charges according to the following equation
where V FB is the flatband voltage of the MIS structure, ⌽ ms is the metal-semiconductor work function difference, Q eff is the effective dielectric charge, and C ox is the capacitance of the dielectric layer.
For an ideal curve, the value of V FB equals the value of ⌽ ms ͑V FB,ideal = −0.23 V, where ⌽ m,Cu = 4.7 V, 11 ⌽ s,Si = 4.93 V, for the p-type Si substrate used in this study͒. The shift of the C-V curves to the negative-bias direction indicates an increase of positive charges or reduction of negative charges in the polyimide film. The negative deviation of V FB of the untreated sample relative to the ideal V FB indicates that there exist positive charges within the polyimide before any heat treatment. However, C-V curves of the annealed samples move further negatively than those of the untreated sample. The result thus reflects that more positive charges are introduced in the polyimide after annealing.
To understand whether the ambient storage affects the C-V characteristics, we reexamine the N 2 + H 2 annealed samples after aging at room temperature in air for 1 week. C-V characteristics of the samples after aging are presented in Fig. 2 . The V FB and dielectric constants are calculated and listed in Table I . It is observed that the V FB of 150°C ͑−5.8 V͒, 250°C ͑−12.4 V͒, and 300°C ͑−10.9 V͒ N 2 + H 2 ambient annealed samples shifts to −1.2, −3.7, and −4.6 V, respectively, after the aging process. The result indicates that the positive charges created by the annealing process significantly decrease after aging the samples in air for 1 week. Thus, the C-V curves of all the samples shifted toward the ideal V FB .
The effect of annealing ambient on the electrical property of polyimide film was also investigated. Figure 3a presents the C-V characteristics of Cu/6FDA-PPD/Si capacitors with polyimides after annealing in vacuum at various temperatures. C-V characteristics of the samples after aging in air for 1 week are shown in Fig. 3b . Similar to the N 2 + H 2 ambient annealed samples, the C-V curve of the sample after vacuum annealing also shifts toward the negativebias direction. Moreover, the C-V curves again shift backward and approach the untreated V FB value after aging in air for 1 week. The flatband voltage and dielectric constants of these samples right after vacuum annealing and followed by the aging process are also listed in Table I .
Regarding the dielectric constants of samples after the annealing process, a noticeable decrease in dielectric constant is observed when the annealing temperature reaches 250°C. In addition, the dielectric constants of the annealed samples increase after aging in air for 1 week. The changes in dielectric constants may be attributed to the desorption and absorption of H 2 O in the polyimide films. 12 From Table I , the dielectric constants of the 250 and 300°C N 2 + H 2 annealed samples after aging in air for 1 week exhibit the lowest value among all samples after aging. Accordingly, the 250 or 300°C N 2 + H 2 ambient annealing leads to a better resistance to H 2 O absorption for the polyimide samples during storage.
Stretch-out of the C-V curves along the gate voltage axis is observed for the samples after annealing ͑Fig. 1 and 3a͒. Nevertheless, the stretch-out in the C-V curves diminishes after aging the samples in air for 1 week ͑Fig. 2 and 3b͒. The distortion of C-V curves is related to the existence of interface trap charges ͑D it ͒, which is mainly due to the formation of dangling bonds at the polyimide/ silicon interface. To compare the D it of samples after annealing and aging, we use the Terman method 13 to calculate the D it , and the D it values near the midgap of Si are summarized in Table I . The Terman method is based on the following equation
where V G is the experimental gate voltage, s is the surface potential of the semiconductor, q is the magnitude of electron charge, C ox is the capacitance of the dielectric layer, C s is the semiconductor capacitance, and ⌬V G is the voltage shift of the experimental curve from the ideal curve. From Table I , one can see that the D it of the samples increases slightly right after annealing ͑both in N 2 + H 2 ambient and vacuum͒. And, the D it is reduced after aging in air for 1 week. The coefficient of thermal expansion ͑CTE͒ of 6FDA-PPD ͑4.2 ϫ 10 −5°C−1 ͒ is one magnitude greater than that of Si ͑2.6 ϫ 10 −6°C ͒. 14 During the annealing process, thermal stress generated due to the large difference of CTE between 6FDA-PPD and Si may lead to bond breaks at the polyimide/Si interface. Thus, the D it of the samples increases after annealing. In addition, decreases of D it are observed in both N 2 + H 2 ambient and vacuum annealing samples after aging. The reactive species ͑e.g., H 2 O and O 2 ͒ in the air shall diffuse through the polyimide and react with silicon dangling bonds by forming Si-OH and Si-O bondings. Therefore, the D it of all samples decreases after the aging process.
The C-V measurement reveals that the V FB of the annealed samples shifts toward the negative-bias direction, which indicates that positive charges are created during annealing. The shifts of V FB are attributed to the formation of broken bonds in the polyimide structure. During the annealing process, scission of weak chemical bonds in polyimide may occur and serve as the source of positive charges. 15 Because the annealing temperature in the current experiment is set to be lower than the decomposition temperature of 6FDA-PPD ͑T d = 542°C, 5% weight loss in N 2 ͒, 16 the scission of chemical bonds in the 6FDA-PPD structure must be minimal and temperature dependent. The broken bonds in the polyimide structure may be reconstructed by reacting with the H 2 during N 2 + H 2 ambient annealing. The reaction is also temperature dependent and decreases the amount of charges. The measured V FB shall represent the sum of bond breaking and reconstructing effects. As compared to the untreated sample, the V FB of the sample after 300°C N 2 + H 2 annealing shows a smaller shift than that of the 250°C annealed sample. The result suggests that the cancellation between the bond breaking and reconstructing in the 300°C N 2 + H 2 annealed sample is more significant than in the 250°C annealed sample.
Comparing the V FB and D it of parallel samples after N 2 + H 2 ambient and vacuum annealing, a greater V FB and D it is observed in the vacuum annealed sample. The effect of annealing ambient on the property of the Cu/6FDA-PPD/Si capacitors is obvious especially after annealing at 300°C. It is found that the 300°C vacuum annealed sample reveals a much more negative V FB shift and a noticeable D it increase than the 300°C N 2 + H 2 annealed sample. The abrupt changes may be attributed to the fact that the annealing temperature ͑300°C͒ is close to the glass transition temperature of 6FDA-PPD polyimide ͑365°C͒. The bond-breaking effect is thus significant at 300°C. In addition, the bonding reconstruction occurs in polyimide and polyimide/Si interface during N 2 + H 2 ambient annealing; while this is not possible during vacuum annealing. Therefore, a smaller V FB shift and D it is observed after annealing in N 2 + H 2 at 300°C.
Observing the variation of V FB of samples before and after aging, it is found that the V FB of the annealed samples shifts backward and approaches the untreated V FB value after aging. The result suggests that broken bondings created during the annealing process are reconstructed upon aging. Beacuse the D it of all samples after 1 week of aging is similar, the V FB difference of these samples shall be attributed to the remaining broken bonds within the polyimide. Jain et al. 17 have investigated the adsorption and diffusion of moisture in polyimide and its effect on the adhesion strength of polyimide. They found that the moisture diffuses rapidly through the polyimide and reacts with polyimide and Si-nitride, which leads to the detriment of adhesion strength at the polyimide/Si-nitride interfacial. The H 2 O or O 2 in the environment may diffuse into the polyimide and react with broken bonds in the polyimide by forming stable bondings. The reaction may neutralize the charges in the film and thus explain the shift of V FB backward to the value of the untreated sample after aging in air for 1 week.
In conclusion, although low-temperature annealing ͑below the glass transition temperature, T g , of polyimide͒ does not destroy the bulk structure of fluorine-contained polyimide ͑6FDA-PPD͒, scission of chemical bonds in 6FDA-PPD and at the 6FDA-PPD/Si interface occurs during the annealing. As a result, the C-V curves are shifted and distorted due to the generation of charges on the bondbreaking sites. The degree of C-V curve shifting and distortion depends on the annealing temperature as well as the ambient, because the broken bonds may be partially passivated by reacting with the constituent of annealing ambient ͑e.g., H 2 in N 2 + H 2 ͒. The broken bonds in 6FDA-PPD can be largely reconstructed when aging in air by reacting with the species ͑e.g., H 2 O and O 2 ͒ in the air. Consequently, the excess charges generated during annealing are neutralized by aging. Therefore, when applying 6FDA-PPD as dielectrics in microelectronic devices, one must be careful on the annealing condition and usage temperature even though it is well below the T g . However, 6FDA-PPD is still a promising material because it can easily restore its dielectric characteristic when aging in air.
